I
n the past few years the epigenetic impact on human diseases has been studied extensively. However, a controversial debate remains about the influence of environmental factors on the genetic determination of DNA methylation patterns. Although DNA methylation defects have been described in imprinting diseases and linked to cancer development, its impact on common diseases like obesity has yet to be elucidated. In our study we observed a hypermethylation variant of the POMC gene in obese children, which plays a key role in body weight regulation. Phylogenetic analyses reveal a close relationship between the POMC DNA methylation at this site and the presence of primate specific Alu elements. In this commentary we will extensively discuss our observations, including comments on the current debate about the impact of transposable elements on DNA methylation and on the development of human disease in general.
Since the discovery of transposable elements in the 1940s, new techniques, especially sequencing of whole genomes, have led to an increase in knowledge about the distribution and regulation of transposable elements within the genomes of plants, invertebrates and vertebrates. 1 It has been estimated that more than half of the human genome consists of transposable elements 2, 3 and that these have contributed significantly to the evolution and inter-individual variation of humans. 4, 5 The most prevalent retrotransposons with approximately over 1 million copies 2 and 200 subfamilies are primate specific Alu elements, 6 accounting for more than 10% of the human genome. Alu elements have been introduced into the primate
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Peter Kuehnen* and Heiko Krude Institut für Experimentelle Pädiatrische Endokrinologie; Charité Universitätsmedizin Berlin; Berlin, Germany genome approximately 65 million years ago and several studies have discussed the impact of this dynamic influence on primate evolution. [7] [8] [9] It has been estimated that one Alu element insertion occurs in every twentieth birth in humans. 10 Taking into account the impact of retrotransposition on genetic variation, diversity and its influence on genetic plasticity, 11, 12 insertion of retrotransposons can, in principle, harbour a disease causing effect. Consecutively, more than 60 diseases [13] [14] [15] owing to Alu element insertion into the human genome have so far been identified. To counteract the influence of transposable elements like Alu elements on the primate organism, defense mechanisms of the host have evolved to induce silencing of the foreign DNA. Apart from RNAi 16 and different histone modifications like H3K9 methylation, 17 DNA methylation plays a key role in silencing of transposable elements. 18, 19 However, as a main drawback of this efficient counter-regulatory reaction, the defense mechanism of hypermethylation itself can cause a disease. Within the vicinity of Alu element insertions, the silencing hypermethylation-reaction of the organism may lead to alterations of adjacent gene expressions. This mechanism has initially been described as "position effect variegation" in Drosophila melanogaster. 20, 21 Further examples of variegation have been observed at an intracisternal A-particle (IAP) retrotransposon within the agouti locus in A vy /a mice 22 and the axin fused (Axin Fu ) mice. 23 In both models the expression of the agouti or axin gene depends on the degree of the DNA methylation of the IAP site. 23, 24 Therefore, transposable element induced epigenetic silencing seems to be a potential mechanism to disturb adjacent gene regulation shifted toward the coding exon 3 region and affects only few CpG positions that are not methylated in the "normal-weight" variant. 30 While having a closer look at the genomic structure of this region, we recognized the presence of Alu elements in the human intron2 (Fig. 1A) . Based on the primate specificity of Alu elements and their non-existence in mice we analyzed the mouse POMC DNA methylation pattern. Thereby, we observed a similar DNA methylation pattern of the 5' CpG island, but striking differences were found at the 3' CpG island in which we did not observe the hypermethylation of intron 2 ( Fig. 2) . These findings suggested a link between the presence of Alu elements in intron 2 and the hypermethylation state of intron 2 in humans. To follow this assumption we analyzed different primate DNA samples for their Alu element and methylation state. In primates with the same Alu elements as in humans (gorilla and chimpanzee) we identified the same distinct DNA methylation pattern of intron 2 hypermethylation. However, in samples of lemurs which have been separated from the main primate lineage already approximately 60 million years ago and which lack these Alu elements, intron2 was not hypermethylated. This is similar to the mouse samples. Based on these findings we speculated that hypermethylation of intron 2 is triggered by the adjacent Alu elements as a defense mechanism against further activity of these transposable elements. In addition, the sharp border of the Alu element triggered intron 2 hypermethylation at the start of exon 3 is a strong argument for a functional relevance of hypomethylation of exon 3. Therefore, it seems that the Alu element defense mechanism of hypermethylation at this genomic region needs to be balanced against the hypomethylation of exon 3. How this process of Alu element-triggered hypermethylation and at the same time exon 3 hypomethylation sustainability is regulated is largely unknown. Obviously there is a signal for the methylation machinery at the intronexon intersection to avoid methylation of exon 3. Our results of individual variations at the intron 2-exon 3 methylation border of the POMC gene in obese patients suggest that this process is not 100% exact and that methylation pattern of the proopiomelanocortin (POMC) gene by coincidence. POMC plays a key role in body weight regulation. It is embedded in the leptinmelanocortin signaling pathway within the arcuate nucleus. A decade ago we were able to identify the first POMC deficient patient. 27 The phenotype comprises ACTH (adrenocorticotropic hormone) deficiency, severe early onset obesity and red hair. The occurrence of overweight also in individuals with a heterozygous POMC mutation led to the hypothesis that this gene is dosage sensitive, especially for the body weight phenotype. 28 To gain further insights into the epigenetic regulation of body weight we analyzed in a classical candidate gene approach the DNA methylation pattern of two POMC CpG islands. DNA was extracted from peripheral blood cells (PBC), in which POMC is expressed. The first CpG island is located at the POMC promoter region and previous studies have found a DNA methylation sensitivity of its function in ACTH expressing tumor cells. 29 The second 3' CpG island is located at the intersection between intron 2 and exon 3. Based on the hypothesis that epigenetic modifications of the POMC gene might be tissue specific, we analyzed the DNA methylation pattern in laser-microdissected β-MSH positive cells of human post-mortem brain samples. We found the same DNA methylation pattern as in DNA extracted from peripheral blood cells (Fig. 1A and B) . After identification of an obviously non-tissue specific POMC DNA methylation pattern in expressing tissues, we compared the POMC DNA methylation from normal weight and obese individuals in DNA extracted from peripheral blood cells. We observed an identical pattern at the POMC 5' CpG island with identical peaks of methylation intensity. Unexpectedly, we identified a DNA hypermethylation variant at the intersection between the hypermethylated intron 2 and the hypomethylated exon 3 that was more frequent in obese patients (Fig. 1C) at the 3' CpG island. These results were verified by a second independent bisulfite-based method in an independent second cohort of obese and non-obese children. The DNA hypermethylation "overweight-variant" is leading to a reduced gene dosage and an altered phenotype, e.g., a disease or an increase of an individual risk for a given disease. So far, this very likely disease causing mechanism of transposable element induced hypermethylation has been demonstrated only in one disease in humans: X-linked dystonia-parkinsonism (XDP). In this endemic movement disorder, the genetic insertion of an SVA (short interspersed nuclear element, variable number of tandem repeats and Alu composite) in the vicinity of the disease causing gene TAF1 leads to the alteration of DNA methylation and expression of the TAF1 gene. 25 Given the high rate of Alu element insertions into the human genome, the small number of examples for Alu element triggered hypermethylation defects diagnosed so far is surprising. With the advance of whole genome sequencing in patients with unexplained hereditary diseases, which will be available soon, a larger number of Alu element insertion events in the 5' or 3' prime vicinity of genes with subsequent hypermethylation of regulatory relevant parts of the genes can be diagnosed in the near future.
However, given the general force of hypermethylation around Alu elements in the human genome, one would expect that existing Alu elements, having accumulated throughout the human evolution, would already exhibit an impact on diseases. Apparently, based on the known strong genetic influence on DNA methylation, all Alu element associated hypermethylation of CpG positions must occur during embryogenesis. 26 However, this needs to be restricted in order to spare regulatory relevant regions of genes and thus to avoid an impact on the phenotype, respectively health of the individual. It is tempting to speculate that some inter-individual variations of this highly dynamic process will most likely occur during this critical time of development when hypermethylation of Alu elements occurs. So far, these interindividual, Alu element associated variations have been overlooked and a causal link to the individual phenotype has not been established as a molecular cue to the individual risk for e.g., a common disease.
We identified such a transposable element induced inter-individual variation site during our studies on the DNA the occurrence of only minor changes in the DNA methylation pattern, which are induced by transposable elements comparable to the changes in cancer or imprinting diseases.
Our observation of a POMC hypermethylation is an additional example for an induced inter-individual DNA methylation variation, which is assumed to increase the susceptibility to a common disease like obesity. 30 This might be comparable to the effect of a single nucleotide polymorphism (SNPs) on the risk for certain diseases, which does not different diseases, including cancer, so far there was only one example of inaccurate epigenetic defensiveness, which led to the development of a certain disease, e.g., the XDP. 25 Our results now extend this list and we are able to show that a certain subtle individual variation in an Alu element triggered methylation pattern might contribute to the susceptibility for obesity. Due to the frequency of transposable element insertion we assume, that the impact of Alu element associated epigenetic mechanisms in human diseases is probably underestimated. This may be due to this fuzziness might predict the individual susceptibility for a given disease. Taking into account the large number of transposable elements within the genome it may be tempting to speculate on the existence of more regions within the DNA methylation landscape, which are as sensitive to individual DNA methylation variations as the POMC intron 2-exon 3 border. Many more diseases may be influenced by these Alu element associated methylation variants, as it has been observed in cancer tissue. 31, 32 Despite the observation that Alu elements could serve as a genetic cause for which the defense system of the organism to silence transposable elements increases the risk for a disease.
The field is now open for the discovery of more "auto-epigenetic diseases" where the defense mechanisms against transposable elements are misbalanced and lead to a new pathogenic mechanism as in autoimmune diseases where the immune system is imbalanced, thereby leading to the development of disease like diabetes mellitus type 1 or arthritis.
lead to a complete loss of gene function, but to an altered gene expression and thereby to an increased risk e.g., gaining body-weight. 33 However, the POMC gene methylation variation, which we have identified, shows a much higher probability for obesity as compared with all other previously described genetic SNPs. In the future, improved techniques to analyze the methylome in a tissue-specific and single CpG resolution will potentially lead to the identification of further examples, in 
